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Abstract: We put forward a new highly efficient source of paired photons 
entangled in polarization with an ultra-large bandwidth. The photons are 
generated by means of a conveniently designed spontaneous parametric 
down-conversion process in a semiconductor type-II Bragg reflection 
waveguide. The proposed scheme aims at being a key element of an 
integrated source of polarization-entangled photon pairs highly suitable for 
its use in a multi-user quantum-key-distribution system. 
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1. Introduction 

Many quantum computing applications lHHJl and quantum communication protocols ISHU, 
such as quantum teleportation mill, are based on the sharing of entangled two-photon states 
between two distant receiving stations. The paired photons can be distributed through free space 
transmission channels, or alternatively, through single-mode fiber optical links. Indeed, fiber 
optical links are the most practical way to share entanglement between a large number of users. 

The polarization degree of freedom is the most widely used resource to generate entangle- 
ment between two distant parties. Polarization-entangled photons can be generated by means 
of spontaneous parametric down-conversion (SPDC), a nonlinear optical process in which two 
lower-frequency photons (signal and idler) are generated when a strong pump interacts with 
the atoms of a nonlinear material. Subsequently to the generation, each photon constituting a 
pair can propagate through a different single-mode fiber, with the initial degree of entanglement 
between the photons being preserved over long distances (jS) . 

One application that is attracting a lot of interest due its potential key role in the newly emerg- 
ing quantum communication networks is the multi-user quantum key distribution (QKD) ||9|. 
In order to implement a multi-user QKD network, various frequency channels can expediently 
be employed for transmitting individual entangled pairs. In this way, one can re-route on de- 
mand specific channels between users located in different sites of the optical network. Similar 
schemes, considering the emission of photon pairs in different spectral and spatial modes, have 
been presented in HlOlll II for an on-demand single-photon source based on a single crystal. 
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Fig. 1. General scheme for the generation of polarization-entangled photon pairs in various 
frequency channels by making use of the Bragg reflection waveguide. In this scheme, a 
dichroic mirror or a grating can be used as the wavelength demultiplexer. 



To prepare polarization-entangled paired photons in many frequency channels at the same 
time, one needs to engineer an SPDC process with an ultra-broad spectrum. Usually type-I or 
type-0 configurations are preferred. With the type-II phase-matching, the two down-converted 
photons have different polarizations and consequently different group velocities, which reduces 
dramatically their bandwidth. For instance, the FWHM bandwidth of an SPDC process in a 
type-II periodically-poled (PP) KTP crystal at 810 nm is given by AA(nm) = 5.52/L(mm), 
where L is the length of the crystal lfT2ll . For L = 1 mm, the bandwidth is AA ~ 5.5 nm. On 
the other hand, in a type-0 PPLN configuration with the same crystal length L = 1 mm, Lim et 
al. |fT3]| achieved an approximate tenfold increase of the bandwidth AA ^ 50 nm. Even though 
one can always reduce the length of the nonlinear crystal in a type-II configuration to achieve 
an increase of the bandwidth, this results in a reduction of the spectral brightness of the source. 

Alternatively to short bulk crystals, Bragg reflection waveguides (BRWs) based on III- 
V ternary semiconductor alloys (Al^Gai_vAs) offer the possibility to generate polarization- 
entangled photons with an ultra-large bandwidth. The most striking feature of the use of BRW 
as a photon source is the capability of controlling the dispersive properties of all interacting 
waves in the SPDC process, which in turn allows the tailoring of the bandwidth of the down- 
converted photons: from narrowband (1 — 2 nm) to ultra-broadband (hundreds of nm) lfT4m6l . 
considering both type-I and type-II configurations. Therefore, one can design a type-II SPDC 
process in BRWs with a bandwidth typical for type-I or type-0 processes. 

The utilization of Bragg reflection waveguide (BRW) has further advantages over other con- 
ventional SPDC sources due to the large nonlinear coefficient of semiconductors (li^'^^ 1 19 
pm/V) 1121, broad transparency window (0.9 - 17/im) and mature fabrication technologies that 
can be used for integration of the source of entangled photons with a light source and other 
optical elements. Additionally, a laser based on BRWs has already been demonstrated ifTSl . 
opening a door for the integration in a single chip of the pump light source together with the 
BRW, where the down-converted photons are generated lfT9l . 

Al;iGai_jAs is an optically isotropic semiconductor, precluding birefringent phase matching. 
However, the modal phase-matching of the interacting waves (pump, signal and idler) can be 
achieved by letting each wave propagate in a different type of mode supported by the waveg- 
uide. For instance, the phase-matching can be successfully achieved if the pump propagates 
in the waveguide in a Bragg mode, whereas the signal and idler photons propagate in total- 
internal -reflection (TIR) modes 1201 . 



2. Description of the quantum state of the down-converted photons 



In order to investigate the potential of the proposed design for generating wavelength- 
multiplexed polarization-entangled photon pairs over many frequency channels, let us examine 
the biphoton generation in a collinear type-II phase-matching scheme in the Bragg reflection 
waveguide (see Fig. [U. A continuous-wave TM-polarized pump beam with frequency COp il- 
luminates the waveguide and mediates the generation of a pair of photons with mutually or- 
thogonal polarizations (signal: TE polarization; idler: TM polarization). The frequencies of the 
signal and idler photons are cOs = coq + D. and O), ~ (Oo — D., respectively, where ©o is the de- 
generate central angular frequency of both photons, and Q. is the angular frequency deviation 
from the central frequency. The signal photon (TE) propagates as a TIR mode of the waveguide 
with spatial shape Us{x,y, COs) and propagation constant jS^ (oJj). The idler photon (TM), also a 
TIR mode, has a spatial shape Ui{x,y, cOj) and propagation constant j5i{cOi). The pump beam is a 
Bragg mode of the waveguide with spatial shape Up{x,y, cOp) and propagation constant I5p{(0i). 

At the output face of the nonlinear waveguide, the quantum state of the biphoton can be 
written as lISTI 

\^>l) = |vac),|vac),- + aLFp/^ [ ^/i2<I>(a) |TE,aJo + n),|TM, (Oq - (1) 



where the nonlinear coefficient a is defined 
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h(OQ(Op 



V2 



167reoc3«j(a)o)«,(coo)«p(«,,) 



1/2 

(2) 



Fp is the flux rate of pump photons, F = / drj_Up{rj_)U* {rj_)U* (r^) is the overlap integral of 
the spatial modes of all interacting waves in the transverse plane, and Hp^sj are their refractive 
indices. The joint spectral amplitude 'l'(n) has the form 

4>(i2) = sine [AkiQ.)L/2] exp{isk{Q.)L/2} . (3) 

The ket |TE, coo + (|TM, OJo — ii)i) designates a signal (idler) photon that propagates with 
polarization TE (TM) in a mode of the waveguide with the spatial shape Uj (U;) and frequency 
(Oo + £l (Oo — ii). The phase-mismatch function reads Aj^(n) ^ fip ~ Ps{Q.) — j3,(— i2), and 
st (i2) = pp + )3s(i2) + j3,(— The function |<I>(n)p is proportional to the probability of de- 
tection of a photon with polarization TE and frequency too + i2 in coincidence with a photon 
with TM polarization and frequency coo — Cl. 

After the waveguide, a wavelength demultiplexer is used to separate all n frequency channels 
into coupled fibers leading to the users of the network. The bandwidth of each channel is A(o 
and their central frequencies are 0)^ ^ = coq ± «A, where A is the inter-channel frequency spacing 
and the letter U(L) indicates the upper (lower) path (see Fig. [T]i. After the demultiplexer, the 
quantum state of the down-converted photons can be written as 

\^2) = |vac),|vac), 

+ l/V2aLFp^^ [ dQ.{<P{Q.)\TE,cO(^ + Q.)u\TM,coo-Q.)L 
Jb„ 

+ 4>(-i2)|TM,tOo + i2)f/|TE,coo-ii)L}, (4) 

where ^ designates the frequency bandwidth from COij i~ Ao /2 to Oj} ^ + Afi)/2 coupled into 
every single fiber Since we are interested in generating polarization-entangled paired photons 
coupled into single-mode fibers, the signal and idler photons in the upper and lower paths 



Table 1. (a) Parameters of the structure: t^. - core thickness; 2 - thicknesses of the alternat- 
ing layers of the Bragg reflector; Xc - aluminium concentration in the core; xi 2 - aluminium 
concentrations in the reflector's layers; jic - the refractive index in the core; ni 2 - refrac- 
tive indices in the reflector's layers; dp^f^jj/dO. -the inverse group velocity of the signal 
(idler) photon. The structure is optimized for the collinear type-II SPDC. (b) Profile of the 
refractive index along the y-axis of the BRW. 



(a) 



Parameter 


Value 


tc (nm) 


370 


tl (nm) 


127 


t2 (nm) 


309 


ticixc = 0.7) 


3.177 


ni(jt:i =0.4) 


3.655 


n2(x2=0.9) 


3.064 


Ridge width (nm) 


1770 


dpjda (ns/m) 


10.55 


dPi/da (ns/m) 


10.56 


Waveguide length (mm) 


1 



(b) 



n^lxj) nc(Xc) ni(Xi) 



tl] 



are projected into the fundamental mode (Uo) of the fiber. The coupling efficiency between 
the signal and idler modes, and the fundamental mode of the single-mode fiber are given by 
r,. = 1/ dxdyU,{x,y,(Os)U^ix,y,(Oo)\'^- and Ti = \ J dxdyUi{x,y,(Oi)U^{x,y,(Oo)\^. They yield a 
value of Fs = F, « 0.88 in the whole bandwidth of interest, showing a minimal frequency 
dependence. All the modes are normalized so that / dxdy\Uj{x,y,(o)\^ = 1 for j — s,i,0. 

Neglecting the vacuum contribution in the final quantum state, normalizing and tracing 
out the frequency degree of freedom, the two-photon state can be represented by the fol- 
lowing density matrix, where we use the conventional ordering of rows and columns as 
{|TE)(/|TE)i, |TE)t/|TM)i, |TM)c/|TE)i, |TM)j/|TM)z.}: 



Pn 



/ ^ 

a„ Yn 

^ j3„ 

\ / 



(5) 



where 



a„ = 1/2 / dQ.\^{Q.)f- 

Jb„ 

j3„ = l/2 / da\^{-Q.) 



7,, = 1/2/ dQ.<i>{Q.)^* i-Q.), 
Jb„ 



(6) 



withTr[Pn] = 0!n + i8n= 1. 



3. Numerical results 

In the waveguide structure considered, the pump wavelength is 775.1 nm. The frequency spac- 
ing between channels is A = 50 GHz and the bandwidth of each channel is 50 GHz, which 
corresponds approximately to 0.4 nm at 1550 nm. The channel width and the spacing between 
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Fig. 2. Joint spectral intensity ~ |<5(A)|^ of the biphoton generated in the Bragg reflection 
waveguide for type-II phase-matching (TM TE + TM). 

channels were chosen according to the typical values used in commercial WDM systems. Chan- 
nel « = 1 corresponds to the wavelength 1549.6 nm in the upper path and to 1550.6 nm in the 
lower path. 

In order to reach a high number of frequency channels, the BRW structure must be designed 
in such way, so as to permit the generation of signal-idler pairs with an ultra-broad spectrum in 
the type-II configuration. This is achieved when the group velocities of the TE and TM modes 
are equal II22I23L 

I ~ I ^ ^' '^^^ modes of the structure and its propagation constants 
are obtained as a numerical solution of the Maxwell equations inside the waveguide using the 
finite element method 1241 . The waveguide design has been optimized by a genetic algorithm 
according to the requirements. The final BRW design is composed of two Bragg reflectors, 
one placed above and one below the core. Each reflector contains 8 bi-layers. The Sellmeier 
equations for the refractive indices of the layers were taken from 1251 . Table 1 summarizes the 
main parameters of the structure. 

Inspection of Eq. (|2| shows that the effective nonlinearity a of the waveguide SPDC pro- 
cess depends on the effective area (Aeff = 1 /F^), which is related to the spatial overlap of the 
pump, signal and idler modes. For the structure considered, the effective area exhibits only 
minimal frequency dependence in the bandwidth of interest and it is equal to Aeff = 35.3 /im^. 
Despite the fact that the large effective area will reduce the strength of the interaction, the 
high nonlinear coefficient still results in an efficiency that is a much higher than for other 
phase-matching platforms in waveguides or in bulk media. The total emission rate l26l can 
be expressed using Eq. © as = (j^L^JdQ.\<P{Q.)\^. For our BRW, the emission rate is 
^BRW ~ 5.7 X 10^ photons/s/mW. For comparison, for a typical PPLN waveguide (type-0) 
similar to the one used in fT3l . we obtain /?ppln ~ 3.3 x 10^ photons/s/mW. The intensity 
of the joint spectral amplitude, given by Eq. (O, is displayed in Fig. |2] Even though we are 
considering a type-II configuration, the width (FWHM) of the spectrum is a staggering 160 nm. 

The degree of entanglement in each spectral channel can be quantified by calculating the 
concurrence C„ of the biphoton 127II28II . The concurrence is equal to for a separable state and 
to 1 for a maximally entangled state. For the density matrix of Eq. (|5]) we obtain l29l 

C„=2|7„|, (7) 



so the degree of entanglement depends on the symmetry of the spectral amplitude <t>(n), i.e.. 
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Fig. 3. Coefficients C„ (solid line), a,, (dashed line) and j3„(dotted-and-dashed line) as a 
function of the frequency channel. 

if <I> (ii) = <t> (— il) the concurrence is maximum. 

Figure |3] shows the values of a„, j5„ and C„ for the first 200 channels. C„ > 0.9 is reached 
for the first 179 channels. The decrease (increase) of the parameters j3„ (a„) reflects the fact 
that for frequency channels with a large detuning from the central frequency, one of the two 
polarization components of the polarization entangled state, |TE)i|TM)2 or |TM)i |TE)2, shows 
a greater amplitude probability. In this case, one of the two options predominates. Therefore, if 
the goal is to generate a quantum state of the form [^2) = 1/ V2 ( |TE) i |TM)2 + |TM) 1 |TE)2 ) 
in a specific frequency channel with Un , /3„ 7^ 1/2, one can always modify the diagonal elements 
of the density matrix with a linear transformation optical system, keeping unaltered the degree 
of entanglement. 

The number of frequency channels available depends on the concurrence required for the 
specific application. A good example is a linear optical gate relying on the interference of pho- 
tons on a beam splitter liSOiiSl ll . This would be especially important for the implementation of 
quantum teleportation, where the fidelity of the protocol depends strongly on the spectral indis- 
tinguishably between polarizations of the entangled state fl\. In Fig. 2] we plot the number of 
frequency channels available as a function of the minimum concurrence required. For instance, 
if we select only frequency channels with C„ > 0.95, we have at our disposal 162 channels, 
while for C„ > 0.99 this number is reduced to 121 channels. 

In the implementation of the system considered here in a real fiber-optics network, the num- 
ber of frequency channels available can be limited by several factors. For instance, it can be 
limited by the operational bandwidth of the demultiplexer (see Fig.l). This device should be 
designed to operate with the same broad spectral range of the photon pairs generated in the 
BRW waveguide. 

When using a large number of channels, inspection of Fig. |2] shows that channels far apart 
from the central frequency will exhibit a lower brightness. In this case, spectral shapers or 
appropriately designed filters, should be used to flatten the emission spectrum, similarly to the 
case of broadband gain-flattened Erbium doped fiber amplifiers (EDFA). Notwithstanding, this 
might introduce some losses in the generation process, especially when considering a large 
number of channels, deteriorating the flux rate of the source. Interestingly, a similar problem 
appears in the context of optical coherence tomography (OCT), where large bandwidths are 
required to increase the imaging resolution. In OCT, spectral shapers are used to obtain an 
optimum (Gaussian-like) spectral shape ll32ll . 

Finally, we should mention that the generation of polarization-entangled photons with the 
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Fig. 4. Number of channels available as a function of the minimum value of the concurrence 
required. 



large bandwidths considered here require a precise control the group velocities of the inter- 
acting waves, which in turn requires a precise control of the waveguide parameters: refractive 
index and layer widths. The effective number of available frequency channels in a specific ap- 
plication is inevitably linked to the degree of control of the fabrication process. Since both 
down-converted photons are propagating as TIR modes, they are more resistant to fabrication 
imperfections. For example, a change of about 10% in the aluminium concentration in the core 
will reduce the spectral bandwidth to 145 nm. Notwithstanding, it has to be stressed that the 
phase-matching condition for interacting waves is highly sensitive to any fabrication imperfec- 
tion, therefore any small change of the structural parameters will lead to a shift of the central 
(phase-matched) wavelength. 

4. Conclusion 

In conclusion, we have presented a new type of highly efficient waveguide source for generating 
polarization-entangled photon pairs for its use in multi-frequency QKD networks. In spite of 
being a type-II SPDC source, the achieved bandwidth is even larger than the bandwidth usually 
obtained with type-1 or type-0 sources. The key enabling factor that allows us to achieve high 
efficiency of the nonlinear process together with a bandwidth increase is the fact that we can 
use a longer nonlinear material in a type-Il configuration, while at the same time keeping the 
broadband nature of the SPDC process through the appropriate design of the Bragg reflection 
waveguide structure. 

Even though conventional sources based on the use of more common nonlinear materials, 
such as KTP or LiNbOa, might also generate entangled pairs of photons with a large bandwidth, 
BRWs based on AlGaAs compounds offer two main advantages: an enhanced capability to 
tailor the general properties of the downconverted photons, and the possibility of integration of 
different elements (pump source, nonlinear waveguide and diverse optical elements) in a chip 
platform based on an already mature technology, which could pave the way for entanglement- 
based technologies in out-of-the-lab scenarios. 
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